I. INTRODUCTION
Plasmas in nature and the laboratory frequently behave like magnetized fluids that can described in the context of single fluid magnetohydrodynamics (MHD). The ideal MHD model is frequently invoked for highly conductive "collisionless" plasmas with low coulomb collision rates ei . Once a magnetic field exists, it is presumed to be "frozen in" to a frame of reference that follows the ion fluid flows. Creation or destruction of magnetic field is not possible in this model.
The physics of magnetic field generation or annihilation must then be captured via mechanisms that extend MHD. Differences between electron and ion fluid flows support electric currents and self consistent magnetic field. The separation of gyro radius scales between ion flows and the fields frozen into the electron flows permits the magnetic topology to stray from the ion fluid streamlines. In particular, sheared electron flows can induce time evolution of magnetic field. This notion includes, but is more general than reconnection or dynamo.
In this paper, we show laboratory examples of simple and coherent sheared electron fluid flows in flux ropes that induce magnetic fields. Flux ropes are bundles of magnetic field lines wrapped around an axis, and form tubes of magnetic flux threaded by electric current, with net helical magnetic field B.
Two approximately parallel current channels attract each other and move in the perpendicular (in-plane) direction, and subsequently collide and bounce 1 instead of fully merging and reconnecting in three dimensions (3D). Perpendicular shear of parallel flows is driven in the mutual compression region. Electron flow v e is backed out from experimentally measured and modeled ion flow v i and current density J ¼ enðv i À v e Þ, where e is the proton charge and n is the density.
Large scale flows can in this way naturally develop smaller scale magnetic features in the shear regions, e.g., cascades to larger wavenumbers.
There is some similarity to two dimensional (2D) reconnection scenarios, which only consider sheared magnetic field and flows in the "reconnection plane" (binormal to the flux tube axes). These in-plane magnetic fields must be supported by out-of-plane currents similar to the flux ropes we consider here.
Reconnection induced electric field induces a current sheet that points in the out-of-plane direction opposite in direction to the currents that support the anti-parallel reconnecting magnetic fields. Because of this, Hall reconnection scenarios 2,3 which customarily invoke in-plane flows should also include out-ofplane currents and flows, especially when a guide (parallel) magnetic field is present. Moreover, if a reconnection induced current sheet suffers plasmoid instabilities, 4, 5 it is well known that these islands are out-of-plane flux ropes.
Many models of reconnection implicitly assume steady state conditions, i.e., they ignore the dynamic forces, accelerations, and velocities due, for example, to attraction or repulsion of currents that are embedded in the plasma medium.
II. EXTENDED MHD MODEL
Our flux rope experiment drives swift ion flows v i that are typically faster than the ion thermal speed v i;th . Interesting dynamics transpire on time scales as brief as several ion gyro times x À1 ci , but much longer than the ion inertial time x À1 pi , where x pi =x ci % 100 À 1000. Electron drift speeds v e are on the order of the Alfven speed v A? perpendicular to the magnetic guide field, and slower than the parallel Alfven speed v Ajj . Electron-ion collision frequency is smaller than the ion gyro frequency ei =x ci Շ r Gi =L, where r Gi is the ion thermal gyro radius and L is the system size. These conditions correspond to the Hall ordered extended MHD approximation, with the inclusion of both ion and electron fluid motion, i.e., including electron MHD.
Hall MHD presumes quasi neutrality or equal electron and ion densities n e ¼ n i ¼ n with a continuity equation @n=@t þ r Á nv i ¼ 0 and a generalized Ohm's law that can be written for the equilibrium ion fluid
and for the electron fluid
For this two fluid picture, the magnetic field is frozen into the electron fluid, but not into the ion flow. The growth of magnetic field from Faraday's Law follows from electron dynamics and gradients in B or v e @B=@t ¼ Àr Â E (3)
for incompressible r Á v e ¼ r Á B ¼ 0.
III. EXPERIMENT
A simplified, coherent, shear flow model for this problem is accessible using the Relaxation Scaling Experiment. 6 A schematic of RSX in Fig. 1 shows a cylindrical vacuum chamber, with two plasma guns that create two flux ropes embedded in axial guide magnetic field B z0 .
A. RSX description
Two plasma guns generate two plasma current columns with radius a % 2 À 3 cm that terminate at an external anode. 10 Fig. 1 shows kinked flux ropes that are paramagnetic 11 (as a kink must be). The ideal kink 12, 13 is usually considered to have zero real frequency x 0 ¼ 0. But with flow along the flux tube, there is a convective derivative contribution
An analytic form for incident and reflected shear Alfven waves 9 is e Àixtþimhþik z z , with x ¼ Àk z Á v z . For J z Áẑ < 0 and k z > 0 and k z Á m < 0; m < 0; x < 0, there is a "corkscrew" gyration in the þĥ direction.
For these data, the column lengths are L z % 96 cm and are embedded in a background magnetic guide field B z0 ¼ 200 Gauss, with peak temperatures T e0 % 10 À 16 eV; T i % 1 eV (spectroscopically measured 14 ), and hydrogen plasma peak density n e0 % 1 À 3 Â 10 13 cm À3 . The electron-neutral collision length is %2 times larger than the plasma length, and the electron-ion coulomb collision length is on the order of %20 cm.
The net helical magnetic field B ? % 15 G, and the Lundquist number S ? is in the range 20-100. 3D scans use magnetic probes with multiple coils, triple probes for n,T e and potential profiles, and Mach probes for ion flow. The chord distance between two plasma guns is %4.5 cm and plasmas flow out from gun to external anode at approximately half the sound speed, c s ¼ 20 À 25 km=s. The gun arcs are fired at t ¼ 0 and the external anode is biased with a voltage V b % 100 V at t ¼ 1.180 ms to extract the plasma current I p % 200 A. The thermal ion gyroradius is %0.5 cm, the ion inertial length (c=x pi % 4 cm) is about 40 times larger than the electron inertial length (c=x pe % 0:1 cm), where x pi ; x pe ; c are, respectively, the ion and electron plasma frequencies and the speed of light. Compared to, for example, tokamak plasmas, the flux ropes have high density and low magnetic field, i.e., they are overdense and x pe ) x ce .
B. Conditional sampling of many experimental shots
Flux ropes in RSX have profiles, which been well characterized over many repeatable shots and conditional trigger sampling. These experimental data were compiled over many nominally identical shots. The plasma column starts to kink, and gyrate like a helical barber pole. The gyration motion appears like a screw that rotates. Flux ropes in RSX have profiles, which been well characterized over many repeatable shots and are coherent with respect to a conditional trigger sampling criteria. By this, we mean that the initial kink motions are detected with an extra probe that is always in the same location, which provides a standard signature that identifies time t ¼ 0. This time can jitter slightly from shot to shot, but each shot is referenced to this t ¼ 0, so we can time align the data sets. Recent improvements in conditional trigger probe protocols and correlation techniques have significantly reduced the experimental jitter, but these data were analyzed using old probes and algorithms, resulting in some smearing of spatial averages in the composited data sets. ), coordinate system, and geometry. 3D probe positioners are located at six vessel ports. The radial scale and field line pitch is exaggerated by a factor of 4 to highlight the plasma structure. The axial boundary conditions and flow [7] [8] [9] determine the wave function, pitch, and gyration of the kinked helix.
C. Flux rope profiles
We have measured flux rope profiles 8 of B, current density J ¼ r Â B=l 0 , and plasma pressure P e ¼ nT e ) P i ¼ nT i , where n is density and T e (T i ) are electron(ion) temperatures.
14 These data allow a complete screw pinch equilibrium to be reconstructed, and the electron flows to be inferred. The colliding flux ropes have parallel currents and thus mutually attract. The plasma pressure is significant, i.e., the plasma b ¼ nT e =ðB 2 z =ð2l 0 ÞÞ % 0:1 À 0:2, axial flow energy density is m i nv 2 iz % 0:15P e , and the in-plane flow energy is even smaller as will be shown in Table I . Diamagnetic currents are significant, and flux rope dynamics involve flows in both parallel z and perpendicular ? directions. 3D regions of flux rope reconnection 15 and bouncing 1 have been measured quantitatively on RSX. Fig. 2 shows the out-of-plane magnetic dB z in the x -y cut plane at z ¼ 50 cm, with a 1 ls time average window. A quadrupole signature is evident at t ¼ 1.212 ms when the two flux ropes start to approach each other and persists for a long time after the time t ¼ 1.221 ms of closest approach. The quadrupole dB z occurs near the edges of the two flux ropes.
IV. MEASURED GENERATION OF dB
The guide field B z0 is large compared to the field B ? in the cut plane shown in Fig. 2 . There must be some magnetic reconnection as the two flux ropes press together, mutually deform each other and bounce. We shall show later how the sheared flow can generate a similar dB z field structure.
One can characterize the distribution of magnetic variation in the Fig. 2 xy plane by taking moments of the dB z (x,y) variations in these data contours. Fig. 3 (a) shows a time history of the separation between the flux ropes overlaid with a range of theoretically predicted trajectories, where the right hand axis indicates the compression parameter (see Fig. 5 ). Fig. 3 (b) shows that the mean remains close to zero until t ¼ 1.221 ms closest approach, and then only increases slightly. The standard deviation defined as the square root of the variance r dB z ¼ ½hdB
is summed at each time over all the pixels in the image and is plotted in 3(c). The standard deviation r time history is a measure of the 6dB z variation over the observed cut plane. The plot in Fig.  3 (c) shows some increase long before the flux ropes start to move, which persists long after the closest approach time t ¼ 1.221 ms and full re-separation at t ¼ 1.225 ms. There is also flux rope motion at other z locations that is not shown here, i.e., the situation has 3D features. The skewness in Fig.  3 (d) later in time shows a tendency (at least at sub ion inertial length kinetic spatial scales) for the dB z (x,y) distribution to cluster at larger dB z > 0. Skewness is the third moment normalized to the standard deviation r.
V. SCREW PINCH

A. model
Data for a non kinked flux rope turn out to be well described by screw pinch equilibria. Analytic fit profiles are used to reconstruct a 3D model for the two flux ropes. These profiles are assumed to deform in a simple way as flux ropes collide, deform, and drive sheared plasma flows in their neighborhood.
The screw pinch 13 radial force density balance is
for each flux rope in cylindrical geometry ðr; h; zÞ where the current density (neglecting displacement current in Ampère's Law)
Since we know the boundary conditions as r ! 1, the integral form of equation (6) reads
All these terms can be experimentally measured 7, 8, 16 and compared with the screw pinch equilibrium predictions and computational models.
17
B. Fit to flux rope data
Internal probes measure magnetic field Bðx; y; z; tÞ and thus current density J ¼ $ Â B=l 0 . Internal probe data also account for density n and electron temperature T e and hence electron pressure P e ¼ nT e ) nT i , floating potential / f , and ion flow 14 using Mach probes along with remote Doppler shift spectroscopy on excited H* neutral particles.
The advantage of analytical fits is that smooth derivatives can be calculated leading to easy comparison between theoretical screw pinch and compression model predictions and measured data. Figure 4 shows these pinch radial profiles
Þ; n ¼ r=a are normalized to scale width a ¼ 1.9 cm consistent with the data, and Gaussian 8 profiles for density n. Pressure is modeled as a Gaussian with offset P e ðrÞ ¼ P e0 expðÀz 2 =2Þ þ P 1 , where z ¼ ðr À r 0 Þ=r w ; r 0 ¼ À0:42cm and r w ¼ 1:3cm. Axial ion flow v iz ðrÞ½cm=s ¼ c 0 expðÀz 2 =2Þ þ v 1 . Density, temperature, and probably velocity v iz do not vanish far from the flux rope. These halos at large r probably arise from charge exchange with Frank-Condon excited neutral atoms. 18 Azimuthal current density J h is not measured in this data set, but inferred from Eq. (7) prediction for diamagnetic reduction in B z ðrÞ profile below B z0 , and then compared with data. Typical error bars are on the order of 615% and are indicated for the electron pressure P e .
VI. COMPRESSION AND SHEAR FLOW MODEL
A. Compression, stagnation, and shear flow
The reconstructed screw pinch equilibria are distorted when the two flux ropes collide. The mutual inflow speed v y stagnates in the x -y plane as postulated by Zweibel and Rhoads, 19 and measured in RSX 1 where flux rope compression geometry is shown in Fig. 5 .
Sun et al. 1 accounted for attraction and repulsion forces and calculated the one dimensional equation of motion (8).
A predicted range of trajectories is plotted in Fig. 3(a) . The repulsion force was parametrized by v ¼ ð1 þ kÞR h , where the ratio of B z and B h curvature restoring forces appears in
h =aÞ % 6 where R c is the radius of curvature of the B z field line and a is the flux rope radius. A sum of Fourier coefficients R h summarizes the unevenly distributed deformation along the compression boundary. 19, 20 The second term on the right hand side accounts for the attraction force between two parallel currents. The time scale s ¼ ffiffi ffi 2 p v A t=a, where v A is referenced to B h ðaÞ and average density. More discussion appears in Sec. VII B.
A magnetic field generation pattern corresponding to theẑ component of Eq. (5) will be shown to match the experimental out-of-plane magnetic field dB z data shown in Fig. 2 the "corners" of compression region and evolves a non zero $ Âv e Â B withẑ component $ Â ðÀv ezẑ Þ Â ½ÀB hĥ À dB rr ! ð1=rÞ @ h v ez B h ðẑÞ.
B. Some reconnection required to overlap flux ropes
For the present work, we model the bouncing flux ropes by linearly super imposing two screw pinch profiles where the bouncing deforms the flux rope shapes. The superposition requires some overlap of profiles, or violation of the frozen flux assumption of Eq. (5), so that this model is not completely self consistent. An upper limit estimate of 15% for the reconnected and annihilated in-plane magnetic flux would correspond to the ratio of compression area to full flux rope area for % 0:3.
Field line tension in B z restrains the flux ropes from fully merging and reconnecting. 1 Increased guide field B z0 allows one to experimentally augment this restoring force. Some slippage of field from flow stream lines is required to allow these profiles to overlap during mutual attraction, compression and bounce. The consequent distortion from cylindrical symmetry in, for example, the right hand panel in Fig. 5 supports r Â v ez Â B h 6 ¼ 0, which drives magnetic field growth.
At each computational grid point, we superimposed (added) overlapping currents, magnetic fields, and pressure, while flows were averaged.
C. Shear flow model
Out-of-plane @B z =@t is due to theẑ component of Eq. (5), which can be written 
for incompressible flow. It will turn out that the largest derivatives for the shear flow in the experiment are the B ? @ ? v ez terms, because axial v ez and @ ? are, respectively, the largest speeds and gradients. The experimental 14 data include measurements of v i and J that enable us to infer the electron fluid speed v e ¼ v i À J=ðenÞ for Eq. (5). Note that in RSX geometry ( Fig. 1 ), J z < 0, while v iz and v ez > 0. Data constrained models of contours in the x-y cutplane of v yi ; v zi ; v ze are shown in Fig. 6 , at the moment of peak compression. We can use this information to estimate the growth rate of magnetic field from Eq. (9). Fig. 5 Fig. 7(d) is reduced from that computed with the peak values shown in Figures 7(a)-7(c) by 1= ffiffi ffi 2 p .
VII. DISCUSSION
A. Agreement between data and model
The data in Figure 2 show the same quadrupole pattern in dB z as the Fig. 7 inductive dB z field calculated using Eq. (5) and the measured sheared electron fluid flows, but with considerably smaller amplitude. This is not surprising, since even though the induction Eq. (5) provides for flow generation (or annihilation) of magnetic field, it does not include forces or dynamics. Since the flux ropes dwell for more time at large and small separation than in between, a dynamic model should include time dependent shear flow profiles. This would reduce the peak v ez and B ? at maximum compression to roughly 70% each for a time averaged estimate of 50% of peak @B z =@t. In this paper we cut off the growth at a bounce time interval.
This still does not account completely for the discrepancy, but as we shall see in Sec. VII B, the energy available to drive the conversion from flow energy to magnetic field is limited.
Sun et al., 1 Eqs. (1) and (2), showed that in RSX, there is a force balance between the mutual attraction of the two flux rope parallel currents and restoring forces due to (1) plasma compression and (2) bending of field lines that occurs when the flux ropes approach each other. It is reasonable to suppose that there exists (3) an additional restoring force due to the compression of dB z and its back reaction on the flows that create the dB z . An estimate of this force would add an additional term k 0 ¼ ðB z dB z =L ? Þ=ðB Figure 3(a) .
The flux ropes in Fig. 2 get distorted into non circular shapes, which complicate the correspondence between the ideal model and the data. The regions of closest approach, i.e., most shear are a small fraction of the total "coastlines" between the flux ropes, which should reduce the predicted dB z . A more complicated, non analytic model would be required to address this issue.
The terms in Eq. (9) that are not evaluated in Fig. 6 would yield of order 20% corrections to the predicted dB z . Since the compression has some non locality in 3D, and only an upper limit (%15%) for dissipated flux has been postulated, the foregoing is only an estimate.
Data in Figures 2 and 3 show that after dB z grows over a time period approximately 1:215 < t < 1:220 ms, quasi stationary quadrupole patterns typically persist for time scales on the order of 10 ls after that. This is substantially longer than an Alfven transit time across a shear length L ? defined as s A? ¼ L ? =v A? % 2cm=ð1cm=lsÞ % 2ls. This is also longer than a Sweet-Parker 1,21 time S
1=2
? s A? , and much shorter than the resistive diffusion time. This implies that diamagnetic like currents must persist and possibly average their effects over long times, although the model does not address this question.
B. Energy budget
Mutual attraction forces between parallel flux rope currents bend the flux ropes and field lines with energy density V attr ¼ L ? J z Â B h , and consequently drive ion flow v iy as the two flux ropes draw closer and acquire kinetic energy density
iy n i Þ. The advent of quadrupole dB z stores magnetic pressure V dB ¼ B z0 dB z =l 0 in the compression region. We assume for slow flows v iy ( c s that the plasma is incompressible. Restoring forces are due to gradients in pressure and B z0 field line bending energy where R c % 2m is the B z field line curvature radius 1 and L ? is the perpendicular gradient length for the field lines.
Equation (5) induction model is not self consistent, in part because it does not include any stagnation mechanism. It predicts 4-5 times more magnetic field and energy density than what is available from the attraction free energy V attr . This will limit and clamp the dynamo process to smaller values of dB z .
We evaluate in Table I the energy densities associated with all the measured plasma quantities.
From a two fluid standpoint, the relevant energy densities are in increasing size order: electron fluid v ez flow K ez ¼ 
C. Flux conserving global dB
Differences between sheared ion and electron flows allows us to show experimentally in Fig. 2 and theoretically in Fig. 7 that the sheared electron flows can account for the generation of magnetic field dB z . The shear driven dB z has the same quadrupole distribution as the experimental data and the model predicted amplitudes are on the order of four times the experimental data.
On the large macroscopic scale of several ion inertial lengths d i ¼ c=x pi , the measured net induced dB z % 0 averaged over the cut plane (see Fig. 3 ) is small to vanishing. This would be expected if magnetic flux is conserved over the global spatial scales. Therefore, at least in this experiment, the Hall driven dynamo effect does not generate large scale magnetic flux. The ion and electron inertial lengths for these data are, respectively, d i % 2:4 À 4 cm and d e % 0:10 À 0:17 cm. The diamagnetic reduction in B z in the center of each flux rope should not spatially average to zero, because it is a steady state condition, i.e., long time persistence compared with the transient time scale of these experiments.
D. 2D reconnection models require 3D flow
Fast reconnection can be facilitated by the decoupling of ions from magnetized electrons in a diffusion region [22] [23] [24] [25] [26] [27] [28] where a current sheet is formed. Quadrupole dB z has been experimentally reported in collisionless Hall reconnection 29 with small guide field, although the data we show here has guide field much larger than the shear field B z0 % 13B ? . Magnetic structure has also been characterized by the Large Plasma Research Device experiment 30 using large 3D datasets. [31] [32] [33] Some have questioned whether the out-ofplane quadrupole magnetic field signature is really due to reconnection or more generally to sheared flows. [34] [35] [36] [37] [38] The oppositely directed magnetic fields commonly invoked in two dimensional models of magnetic reconnection are supported by out-of-plane currents. These out-ofplane currents are not typically included in our picture of the 2D reconnection processes, but they correspond to the RSX flux ropes for example in Figure 1 or 5. Moreover, in a reconnection induced current sheet, there must necessarily exist substantial out-of-plane electron flow, driven by the reconnection out-of-plane electric field. Therefore, unless 3D structure is suppressed, for example, by toroidal symmetry in the out-of-plane direction, the geometry discussed here represents a useful 3D extension of 2D reconnection models.
Most of the current is carried by the electron fluid; and in Fig. 7 , data show that the signs of the quadrupole induced dB z are consistent with the electron flows that deflect and circulate fromŷ tox directions. The incompressible, subsonic, in-plane ion flow (verticalŷ in Figs. 5-7) stagnates in the compression region. Some of this flow diverts into the horizontalx outflow direction and some is redirected into the out-of-planeẑ direction, similar to a Hall reconnection scenario. A quadrupole dB z signature consistent with the induction equation corresponds to bending of field lines from in plane to out-of-plane. It necessarily includes the usual Hall construct of deflected and circulating in-plane (x Àŷ) flow but also sheared v ez flow we present here.
E. Induction, dissipation, and dynamo Equation (5) and Fig. 7 predict more dB z than we measure. Since the flux rope magnetic and flow structures overlap, we fully expect that flux is not conserved at EMHD spatial scales. Induction plus dissipation are two ingredients required for dynamo, and resistivity g can be added to Eq. (5) (assuming jv i j ( jv e j, g is spatially constant) leading to a dynamo-like expression for sheared electron flow
This is equivalent to adding a Hall term to the MHD generalized Ohm's Law, which has been implicated 39 in the generation and suppression of large-scale magnetic energy in astrophysical contexts.
The diffusive term on the right hand side of Eq. (10) is of order 1=R Me smaller than the inductive term, where R Me % 70 is a magnetic Reynolds number referenced to the electron speed v ez , scale length L ? , and diffusivity g ? =l 0 . If there are dissipative processes related to ion flow, these could become significant at a spatial scale %0.2 cm where the Lundquist number S ? ¼ L ? v A =ðg ? =l 0 Þ approaches unity for these data.
It is striking that flow fields that initially have two fold symmetry such as v z in Figure 6 (b) can support four regions of flow shear for example as in Figure 7 (a). This provides a natural and general mechanism for large scale sheared flows to acquire smaller scale magnetic features down to kinetic scales, including island formation and turbulence.
F. Relevance to magnetosphere and solar data Flux ropes with axial flows similar to our experimental examples may represent the typical situation in the magnetosphere. Analogous to our data, ACE spacecraft solar wind observations near 1 A.U. are consistent with a densely packed 40 network of flux tubes that likely include substantially field aligned flows along the Parker spiral, with small inferred reconnection activity. High resolution ground based solar observations in the photosphere 41, 42 and sounding rocket images of the corona 43 show what appear to be vast networks of magnetic flux tubes. These twist, untwist, braid, collide, bounce, and merge, with morphologies that resemble the RSX experimental simulations.
Out-of-plane quadrupole magnetic field signatures have been commonly associated with Hall reconnection. The data we show here exhibit quadrupole out-of-plane magnetic field structures, and our model for the collision of flux ropes requires some merging of the magnetic structures i.e., reconnection.
Evaluation of the reconnection rate E rcxn in 3D is not straightforward because we cannot measure all terms in a generalized Ohm's Law. In past experiments, 15 we measured magnetic features of the reconnection induced J z,rcxn return current sheet, and could state the minimum possible value for the reconnection electric field expected from classical resistivity E rcxn ! g S J z;rcxn , where g S is the Spitzer coulomb resistivity. In the data shown here, there is no detectable O-point or J z,rcxn but we estimate at most 15% of the in-plane flux is reconnected. The dominant contributions follow from shear in v ez , which is different from, but self consistent with, sheared v ? typically assumed for collisionless Hall reconnection.
VIII. CONCLUSIONS
We have shown laboratory examples of simple, coherent, sheared electron fluid flows that induce magnetic fields and form a coherent, small scale dynamo. This dynamo mechanism includes the key ingredients of field line bending and dissipation, converts, and amplifies magnetic flux, but does not create magnetic field ex nihilo.
Two flux ropes collide and bounce 1 in three dimensions (3D) with some reconnection. The circular flux rope shapes distort in the mutual compression region and sheared flows occur that sustain non vanishing r Â v e Â B. Electron flow v e is backed out from experimentally measured and modeled ion flow v i and current density J ¼ enðv i À v e Þ.
The flux rope attraction energy is of the same order as the increase in magnetic energy from the creation of the outof-plane quadrupole magnetic field and the line bending energy of the background magnetic field lines. The energy budget for this dynamo process is consistent with the stagnation of ion flow, but most of the energy flow resides in the changing magnetic field configurations. Our induction model predicts the correct shear flow induced out-of-plane quadrupole magnetic field pattern, which is larger than the measured dB z data because we estimate only the peak rate and do not include the dynamics and force balance.
There is considerable similarity to two dimensional (2D) reconnection scenarios, which only consider magnetic field and flows in the "reconnection plane" (binormal to flux tube axes). In-plane magnetic fields must be supported by out-ofplane currents similar to the flux ropes we consider here. Reconnection induced electric field induces a current sheet that points in the out-of-plane direction opposite in direction to the currents that support the anti-parallel reconnecting magnetic fields. Because of this, Hall reconnection scenarios 2,3 which customarily invoke in-plane flows should also include out-of-plane currents and flows.
These out-of-plane currents are not typically included in 2D pictures of reconnection processes, but they correspond to the RSX flux ropes, for example, in Figure 1 or 5. The data we show here differs from conventional Hall reconnection scenarios because our in-plane shear of parallel flow is much larger than the in-plane shear of in-plane flow r ? Â v ez Â B ? ) r ? Âv e? Â B ? . The geometry discussed in this work can represent a 3D extension of 2D reconnection models.
The quadrupole signs of the experimentally measured induced dB z are consistent with the electron flows that deflect and circulate fromŷ to in-planex and out-of-planeẑ directions, and are the same signs as expected for Hall reconnection without guide field B z0 . The quadrupole out-of-plane field represents the bending of in-plane field lines into the out of plane direction, both for conventional Hall reconnection and the data in this flux rope experiment. The electron flows and the quadrupole magnetic signature are self consistent with each other.
We believe the experimental data shown here are relevant to reconnection scenarios in nature where there is a guide field. Large scale flows can in this way naturally develop smaller scale magnetic features in the shear regions.
